Abstract. Hepatocyte growth factor (HGF), an activator of the c-Met signaling pathway, is involved in tumor invasiveness, metastasis and radiotherapy resistance. In the present study, a novel HGF regulatory pathway in lung cancer involving microRNAs (miRNAs/miR) is described. Immunohistochemical staining and western blot analyses demonstrated that HGF was upregulated and associated with miR-200a downregulation in non-small cell lung cancer (NSCLC) samples compared with normal lung tissues. The association between HGF and miR-200a was associated with the degree of tumor malignancy and cell migration and invasion. miR-200a negatively regulated HGF expression by targeting the 3'-untranslated region of the HGF mRNA. miR-200a overexpression induced HGF downregulation, decreased NSCLC cell migration and invasion, promoted apoptosis, and decreased cell survival in A549 and H1299 cells in response to ionizing radiation. The present results revealed a previously uncharacterized role of miRNA-200a in regulating tumor malignancy and radiosensitivity by suppressing HGF expression, a key factor in the HGF/c-Met pathway.
Introduction
Lung cancer is the second most common cancer and the leading cause of cancer-associated mortality, with an overall 5-year survival rate of 15% (1) (2) (3) . Non-small cell lung cancer (NSCLC) accounts for ~85% of all lung cancer cases and ~70% of patients with NSCLC have locally advanced disease or distant metastases at the time of diagnosis (4) . The prognosis of patients with NSCLC remains poor and most patients die from hematogenous dissemination, whereas certain patients die from local organ failure. Therefore, improving the understanding of the molecular mechanisms underlying NSCLC development and progression is necessary to design effective therapies for this disease.
Hepatocyte growth factor (HGF) and its receptor tyrosine kinase c-Met are overexpressed in a variety of types of human cancer, including NSCLC, renal, breast, ovarian cancer and pleural mesothelioma (5) . High levels of expression of HGF represent an unfavorable prognostic factor (6, 7) . The activation of the HGF/c-Met signaling pathway promotes invasiveness and distant metastasis in cancer (5, 8) and increases tumor radioresistance (9) . In the cell microenvironment, HGF is produced from the same cell (autocrine loop), neighboring cells (paracrine loop), or distant organs (endocrine loop) (10, 11) . By targeting its receptor c-Met, HGF activates auto-phosphorylation in the catalytic domain. c-Met in turn activates a series of signaling pathways including Ras/extracellular signal regulated kinase and phosphoinositol 3 kinase/protein kinase B. Therefore, HGF and c-Met interaction and expression are precisely monitored under physiological and pathological conditions. Aberrant HGF/Met signaling activates phosphorylation cascades, resulting in a comprehensive rewiring of gene expression patterns and promoting tumor migration, invasion and metastasis (12, 13) .
MicroRNAs (miRNAs/miRs), a class of small non-coding RNAs, post-transcriptionally and/or translationally regulate gene expression by binding to the 3 ' -untranslated region (3 ' -UTR) of their target genes (14, 15) . Approximately one third to one half of human genes are regulated by miRNAs, each of which has a number of target transcripts (16) . miRNAs are involved in a wide range of human physiological and pathological processes, including tumorigenesis (17, 18) . miRNAs can function as oncogenes or tumor suppressors (19, 20) .
MicroRNA-200a suppresses migration and invasion and enhances the radiosensitivity of NSCLC cells by inhibiting the HGF/c-Met signaling pathway
MENGHUA DU 1, 3 , JIN WANG 1 , HUAN CHEN 1 , SHOULI WANG Studies have demonstrated that miR-200c, miR-193a-3p and miR-193a-5p inhibit the proliferation, migration and invasion of NSCLC cell lines (21, 22) . Furthermore, re-expression of miR-451 significantly reverses the radioresistance of docetaxel-resistant lung adenocarcinoma cells by promoting apoptosis and DNA double stranded breaks (23) . miRNAs are suggested as potential targets to enhance radiosensitivity in cancer. In the present study, miRNAs capable of enhancing the radiosensitivity of NSCLC cells by negatively regulating HGF expression were investigated. miR-200a, located on chromosome 1p36. 33 , is involved in cell proliferation and migration by targeting Kelch-like ECH-associated protein 1, Gαi1 and β-catenin. miR-200a downregulation is associated with hepatic fibrosis, human retinoblastomas, human glioma and breast cancer (24) (25) (26) .
In the present study, the expression of HGF and miRNAs was analyzed in NSCLC and normal tissues. Analysis of clinicopathological data confirmed that HGF and miR-200a are associated with tumor progression and the response to therapy. Bioinformatics analysis and biological experiments demonstrated that miR-200a negatively regulated HGF expression, thereby decreasing NSCLC cell invasion and metastasis. The miR-200a/HGF pathway also affected the radiosensitivity of NSCLC. These results indicated that the miR-200a-mediated negative regulation of HGF is involved in NSCLC invasion and metastasis at the cellular and clinical levels.
Materials and methods
Tissue collection. Fresh tumor samples and adjacent normal tissues were obtained from 11 patients who had undergone surgery at the Second Affiliated Hospital of Soochow University (Suzhou, China) between September 2016 and June 2017. Patients were aged between 45-65, of whom 4 were female and 7 male. The pathological diagnosis of all patients was NSCLC prior to surgery and no patients received anticancer treatment prior to the operation. All tissue samples were stored at -80˚C. The present study was approved by the Ethics Committee of the Second Affiliated Hospital of Soochow University and written informed consent was provided by all patients.
Immunohistochemical (IHC) staining. IHC staining was performed by a two-step procedure. Upon rehydration in anhydrous ethanol for 5 min, 95% ethanol for 5 min, 85% ethanol for 5 min, 75% ethanol for 5 min, the slides were washed 3 times in tap water, and then a phosphate-buffered saline (PBS) solution was used 3 times for 5 min each time. A three-way dip wax was used as a fixative, at 56-58˚C, for ~3 h, and finally embedded in a wax block casette, the continuous slice thickness is 3 µm. The slides were subjected to antigen retrieval by pressure-cooking at 92-98˚C for 15 min. Endogenous peroxidase activity was neutralized using peroxide block placement on the slides for 10 min at room temperature. The slides were then incubated with anti-HGF polyclonal antibody (dilution 1:200; cat. no. ab83760; Abcam, Cambridge, MA, USA) at 4˚C overnight. This was followed by incubation with peroxidase-conjugated polymer (ChemMate EnVision/horseradish peroxidase; Gene Tech Biotechnology Co., Ltd., Shanghai, China) for 30 min at room temperature. The chromogen reaction was developed in 3'-diaminobenzidine (DAB; Gene Tech Biotechnology Co., Ltd.) tetrahydrochloride for 5 min at room temperature. Finally, hematoxylin was performed for 30 sec at room temperature used as a light nuclear counterstain.
The percentage of positive-staining cells was graded on a scale of 0-3, with <5% positive-staining cells as grade 0, 5-25% as grade 1, 26-50% as grade 2 and >50% as grade 3. The intensity of staining was also graded on a scale of 0-2, with negative to weak intensity as grade 0, weak-moderate intensity as grade 1 and moderate to strong intensity as grade 2. Finally, the percentage and intensity scores were multiplied. The final score between 0-2 was determined as low expression and a score higher than 2 was determined as high expression.
miRNA screening. The targetscan.org and microrna.org websites were used to screen miRNAs. Firstly, human species was selected and HGF was entered as the target gene in TargetScan. This identified eight broadly conserved 8-mer predicted target sites, including miR-200a-3p, miR-141-3p, miR-26-5p, miR-199-5p, miR-19-3p, miR-101-3p.1, miR-204-5p and miR-211-5p. Then, in the mircorna.org website, after entering HGF as target mRNA and selecting Homo sapiens, 29 miRNAs were displayed and ordered by the sum of mirSVR scores, including miR-200a, miR-141, miR-495 and miR-1297 among others. The results of the two sites were then matched, finally selecting miR-200a and miR-141 for subsequent experiments.
Cell culture. The parental human lung adenocarcinoma cell lines (A549 and H1299) were obtained from the Cell Bank of Shanghai Institute of Cell Biology (Chinese Academy of Medical Sciences, Shanghai, China). A549 and H1299 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Corning, Inc., Corning, NY, USA) containing 10% certified fetal bovine serum (FBS)-heat inactivated (Biological Industries, Kibbutz Beit Haemek, Israel), penicillin (100 U/ml), and streptomycin (100 U/ml) and maintained in an incubator at 37˚C with 5% CO 2 in a humidified atmosphere.
Western blot analysis. Briefly, NSCLC tissues milled into powder in liquid nitrogen or A549 and H1299 cells were extracted using radioimmunoprecipitation assay cell lysis reagent containing proteinase and phosphatase inhibitors (Beyotime Institute of Biotechnology, Haimen, China) at 4˚C for 30 min. Cell lysates were centrifuged at 12,000 x g for 20 min at 4˚C and the protein concentrations of the supernatant were determined using the bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). The supernatants containing total protein were then mixed with a corresponding volume of 5X SDS loading buffer and heated at 100˚C for 10 min. Then, the supernatant lysates were run on 10% SDS-polyacrylamide gels (50 µg/lane) and proteins were transferred to polyvinylidene fluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA) by semidry electroblotting (1.5 mA/cm 2 ). PVDF membranes were then incubated in blocking buffer [Tris-buffered saline (TBS) supplemented with 0.05% (vol/vol) Tween-20; TBST] containing 5% (wt/vol) skimmed milk powder for 2 h at room temperature followed by three 10-min washes in TBST. The PVDF membranes were then incubated with anti-HGF (dilution 1:1,000; cat. no. ab83760 Abcam) or anti-c-Met (dilution 1:1,000; cat. no. ab74217; Abcam) as internal normalizers in TBST containing 5% (wt/vol) skimmed milk powder (antibody buffer) overnight at 4˚C on a three-dimensional rocking table. Then, the membranes were washed three times for 10 min in TBST and incubated with goat anti-rabbit IgG conjugated to horseradish peroxidase (dilution 1:1,000; cat. no. A0208; Beyotime Institute of Biotechnology) in antibody buffer for 2 h. Finally, membranes were washed three times for 10 min in TBST and exposed to ECL Advanced reagent (EMD Millipore) for 2 min as described in the manufacturer's protocol. Membranes were exposed to Hyperfilm-ECL for 2-5 min and visualized using a Fluor S Multimager and Quantity One 4.1 (Gene Company, Ltd., Hong Kong, China). The molecular weights of the bands were calculated by comparison with prestained molecular weight markers (molecular weight range, 6,500-250,000) that were run in parallel with the samples. Semiquantitative analysis of specific immunolabeled bands was performed using a Fluor S image analyzer and Quantity One 4.1 (Gene Company, Ltd.)
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA from cultured cells was extracted using the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. miRNA levels were measured by RT-qPCR. Total RNA was subsequently reverse transcribed at 65˚C for 5 min to cDNA with the stem-loop reverse transcription primer (Beijing Genomics Institute, Beijing, China) for HGF and miR-200a detection. Then PCR was performed out in a PCR gene amplification apparatus: 42˚C for 60 min, 70˚C for 5 min, and then the reaction was terminated, placed on ice for storage or stored at -20˚C. The primer sequences are: HGF qPCR-forward primer, 5'-CAA CAA ACT TAG CTC ATC GCA A-3' and HGF qPCR-reverse primer, 5'-GCC TGG GTG AAA GAA TCC T-3'; GAPDH qPCR-forward primer, 5'-CAA GGT CAT CCA TGA CAA CTT TG-3' and GAPDH qPCR-reverse primer, 5'-GTC CAC CAC CCT GTT GCT GTA G-3'; miR-200a RT: 5'-GTC GTA TCC AGT GCG TGT CGT GGA GTC GGC A AT TGC ACT GGA TAC GAC ACA TCG T-3'; miR-20 0a qPCR-forward primer, 5'-GGG GTA ACA CTG TCT GGT AG-3' and miR-200a qPCR-reverse primer, 5'-TGC GTG TCG TGG AGT C-3'; U6 forward primer, 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' and reverse primer, 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'. qPCR was carried out using SYBR Premix Ex Taq ™ (Takara Biotechnology, Co., Ltd., Dalian, China). qPCR thermocycling was performed according to the following: Pre-deformation 95˚C for 10 min, 1 cycle; denaturation 95˚C for 15 sec and annealing 60˚C for 60 sec, 40 cycles. The reactions were placed in a 96-well plate using a preheated real-time instrument (ABI 7500HT; Applied Biosystems Life Technologies; Thermo Fisher Scientific, Inc.). The relative levels of expression were quantified and analyzed using Bio-Rad iCycler iQ software 3.1 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Cq values were used to calculate the RNA expression levels. The amount of miR-200a expression (2 -ΔΔCq ) (27) was normalized using the endogenous U6 reference.
In situ hybridization (ISH) staining. Sections of 1-3 µm thickness were cut from paraffin-embedded tissues to evaluate miR-200a expression by ISH. In brief, the slides were incubated at 60˚C for 2 h, deparaffinized in xylene and rehydrated with graded alcohol washes. Slides were then washed three times with diethyl pyrocarbonate-treated PBS, digested with 5 µg/ml proteinase K at 37˚C for 30 min and washed and dehydrated in graded alcohol. Slides were hybridized at 55˚C for 2 h with 50 nmol/l locked nucleic acid-modified digoxigenin-labeled probes for miR-200a (Wuhan Boster Biological Technology, Ltd., Wuhan, China): miR-200a Probe sequence: 5'-ACA TCG TTA CCA GAC AGT GTT A-3'.
Following stringency washes (5X, 1X and 0.2X SSC), slides were placed in blocking solution for 1 h at room temperature followed by incubation in alkaline phosphatase conjugated anti-DIG Fab fragment solution at 37˚C for 1 h. Slides were incubated in Strept Avidin-Biotin Complex-fluorescein isothiocyanate (FITC; 1:100; Wuhan Boster Biological Technology, Ltd.) at 37˚C for 30 min, washed three times and directly observed by fluorescent microscopy, with positive regions indicated by yellow or green.
The intensity histoscore with the following categories according to Donahue's description was used: 0, negative, 1, weakly positive, 2, moderately positive and 3, strongly positive. The final score between 0-1 was determined as low expression and a score of 2-3 was determined as high expression.
Transfection of miRNA and siRNA. Human antisense miR-200a mimics and mimic negative control were purchased from Guangzhou Ribobio Co., Ltd., (Guangzhou, China): Human antisense miR-200a mimic: 5'-UAA CAC UGU CUG GUA ACG AUG UAU CGU UAC CAG ACA GUG UUA UU-3'. Negative control: 5'-UUC UCC GAA CGU GUC ACG UTT ACG UGA CAC GUU CGG AGA ATT-3' .
Human antisense miR-200a mimic and mimic negative control were referred to as miR-200a and mimic con, respectively. Complete medium without antibiotics was used to culture the cells at least 24 h prior to transfection. The cells were washed with 1X PBS (pH 7.4) and then transiently transfected with 100 nM miR-200a mimic or mimic con using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol.
A total of three siRNA duplexes targeting human HGF were designed and synthesized by Guangzhou RiboBio Co., Ltd. The effective siRNA target sequence was 5'-GCA GAG GGA CAA AGG AAA A-3'. Negative control siRNA: 5'-UUU TGA TCA UTG ATG AAA-3'.
For transfection, the cells were plated on an antibiotic-free growth medium at 60% confluence ~24 h prior to transfection. RNA oligonucleotides were transfected at a final concentration of 100 nM, using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol.
Rescue experiment. At 24 h following siRNA transfection into H1299 cells, HGF was transfected into the cells. Western blot detection of HGF expression was performed after 24 h.
Transwell migration and invasion assays. A549 and H1299 cells were grown in DMEM containing 10% FBS and transfected with 50 nM miR-200a mimic or negative control, or 50 nM si-HGF or negative control. Following 24 h, the cells were harvested by trypsinization and washed once with PBS. To measure cell migration, 8-mm pore size culture inserts (Transwell; Costar; Corning, Inc.) were placed into the wells of 24-well culture plates, separating the upper and the lower chambers. In the lower chamber, 500 µl of DMEM containing 10% FBS was added. Then, serum-free medium containing 5x10 4 cells was added to the upper chamber for migration assays. Invasion assays were performed similarly except Transwells were precoated with 16 µg of Matrigel (Corning, Inc.). Cells were incubated at 37˚C with 5% CO 2 for 24 and 48 h for migration and invasion, respectively, and cell morphology was observed by staining with 0.1% crystal violet staining solution was used for 10 min at room temperature, and observed under light microscope following washing. Filters were washed thoroughly with 1X PBS. Each experiment was performed at least three times.
Dual-Luciferase reporter assay. Dual-Luciferase reporter assay system was purchased from Promega Corp. (Madison, WI, USA). HGF wild-type and mutant type were generated by Shanghai GenePharma Co., Ltd., (Shanghai, China). The pmirGLO Dual-Luciferase miRNA Target Expression Vector was used (Promega Corp.).
HGF 3'-UTR wild type 5'-CTG TTG TTT TGT TTG TCA GTG TTA-3' HGF and 3'-UTR mutant type 5'-CTG TTG TTT TGT TTG TGC ATA CAA-3'.
HGF wild-type and mutant (100 ng) were transfected using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) into H1299 cells together with 100 nM miR-200a mimic into cells. After 36 h, growth media were removed from cultured cells, which were rinsed in 1X PBS. The rinsing solution was removed and 20 µl of 1X Passive Lysis Buffer was added into each culture vessel of 96-well culture plates, which were agitated for 30 min at room temperature. Then, 100 µl of LAR II was added and firefly luciferase activity was measured using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). Then, 100 µl of Stop & Glo reagent was added and Renilla luciferase activity was measured. The cycle was repeated for all wells in the plate. Renilla luciferase (hRluc-neo) was used as a control reporter for normalization and selection.
Clonogenic assay. Cells were transfected with miR-200a mimic or mimic negative control, together with siR-HGF or negative control, as described above. A total of 24 h later, transfected cells were trypsinized, counted and replated at a density of 300, 500, 800, 1,200 and 2,000 cells/6-cm dish for 0, 2, 4, 6 and 8 Gy dose irradiation, separately. A total of 10 days later, colonies resulting from the surviving cells were fixed with 4% paraformaldehyde for 15 min at room temperature, stained with 0.1% crystal violet for 20 min and counted. Colonies containing at least 50 cells were scored under a light microscope. Each assay was performed in triplicate. Immunofluorescence assay. Cells at 70-80% confluence were placed on sterilized coverslips directly or 24 h following transfection. After attachment, cells were treated with irradiation (4.0 Gy). A total of 4 h later, the cells were fixed in ice-cold acetone for 15 min, washed with PBS and then stained with rabbit anti-γ-H2AX (dilution 1:200; cat. no. ab2893; Abcam) 1 h following blocking with 3% bovine serum albumin (BSA; Beyotime Institute of Biotechnology) for 30 min at room temperature. After washing, the cells were treated with goat anti-rabbit FITC conjugated secondary antibody (Beyotime Institute of Biotechnology; cat. no. P0176; 1.5 µg/ml) for 1 h at room temperature and then counterstained with DAPI (Beyotime Institute of Biotechnology; cat. no. C1005) for 5 min at room temperature. Images were captured with a fluorescent microscope.
Statistical analysis.
All the quantitative data in the present study are expressed as the mean of at least three independent experiments ± standard error (SE). Comparisons of the control groups and the treated groups were analyzed using the Student's t-test of GraphPad Prism 5 software (Graphpad Software, Inc., La Jolla, CA, USA) and a one-way analysis of variance (ANOVA) with a Fisher's post-hoc test using SPSS statistics 19 software (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significantly difference.
Results

HGF expression is significantly associated with NSCLC.
HGF serves a central role in the HGF/c-Met pathway. To gain insight in to the association between HGF and cancer, the expression level of HGF in lung cancer was investigated. IHC analysis of clinical lung cancer tissues (Fig. 1A) demonstrated that the HGF positive ratio was 91% in lung cancer tissues, compared with 9% in normal lung tissues (P<0.05; Fig. 1B ), indicating that the expression level of HGF was increased in NSCLC compared within normal tissues. Next, the proteins from the above samples were isolated and separated by gel electrophoresis to perform grey value analysis (Fig. 1C ). The relative protein expression level was significantly increased in all the lung cancer tissues except 4 compared with normal tissues (P<0.05; Fig. 1D ). Western blot analysis confirmed that HGF expression was increased in NSCLC tissues compared within normal lung tissues. To assess the HGF expression level and activity in vitro, HGF or mock siRNA were transfected and/or co-cultured with HGF in A549 and H1299 NSCLC cells. The results of RT-qPCR demonstrated that the HGF mRNA expression levels were significantly reduced in A549 and H1299 cells (0.06-and 0.04-fold in siRNA HGF and mock; P<0.05; Fig. 1E ). Western blot analysis demonstrated similar results, as HGF siRNA reduced the HGF expression level by 0.5-fold compared with the control group (P= 0.0086; Fig. 1E and F) . Treatment with HGF rescued the HGF siRNA effect (Fig. 1F) . As presented in the grey value analysis, the HGF protein value decreased from 1 to 0.75 in the HGF plus siRNA group compared with the siRNA alone group. (P=0.14; Fig. 1G ). These results indicated that HGF can be upregulated or downregulated through HGF siRNA or HGF treatment.
Downregulation of HGF expression inhibits NSCLC cell migration and invasion.
HGF was upregulated in NSCLC tissues compared with normal tissues, suggesting that HGF upregulation affects lung cancer malignancy. To clarify the role of HGF in tumor migration and invasion, HGF was silenced in NSCLC cells using the siRNA technique and the effect on cell migration and invasion was assessed. A total of 48 h following transfection of siRNA into A549 and H1299 cells by Lipofectamine 2000, western blot analysis was used to detect the protein expression of HGF and c-Met. As presented in Fig. 2A , HGF siRNA reduced the HGF expression. Grayscale value analysis demonstrated that the expression level of HGF in A549 and H1299 cells was decreased from 1 to 0.63±0.034 and 0.14±0.05 in the control group and HGF siRNA groups, respectively (P<0.05; Fig. 2B ). In addition, c-Met expression was downregulated in response to HGF knockdown ( Fig. 2A) . The grey value of c-Met was reduced to 0.28-and 0.25-fold in the siRNA group compared with the con group (Fig. 2B) , respectively. The migration and invasion of NSCLC cells with silenced HGF were examined by Transwell assay. The transmembrane cell rates of migration and invasion were significantly decreased by 66.9 and 75.7% in A549 cells (Fig. 2C and D) , and by 70.7 and 66.7% in H1299 cells (Fig. 2E  and F) , respectively (P<0.05). These results suggest that HGF is critical for the malignancy of lung cancer through its effect on migration and invasion.
HGF is the target gene of miR-200a
. miRNAs serve important roles in the regulation of the expression of various oncogenes (Fig. 3A) . Secondly, the expression level of the two miRNAs in the NSCLC samples and normal lung tissues (n=11) were investigated by RT-qPCR to determine whether miR-200a and miR-141 were associated with NSCLC. The results demonstrated that the miR-200a expression level was significantly decreased in NSCLC samples compared with normal lung tissues (P<0.05; Fig. 3B ). miR-141 expression levels did not differ significantly between NSCLC and normal lung tissues.
To further confirm the miR-200a distribution and expression in lung cancer, miR-200a expression in lung cancer and normal tissues was examined by ISH (Fig. 3C) . The score of miR-200a was significantly lower in NSCLC lung cancer tissues than in normal tissues (0.85±0.37 and 2.64±0.35, respectively; P<0.05; Fig. 3D ). Collectively, these results indicated that miR-200a expression was decreased in NSCLC, suggesting that miR-200a serves a role in NSCLC by targeting HGF. To confirm this hypothesis, miR-200a mimics and the corresponding negative controls were transfected into H1299 cells for 48 h. The RT-qPCR results demonstrated that HGF expression was significantly reduced following transfection of miR-200a mimics compared with the control (0.3±0.08; P<0.05), whereas miR-141 had no significant effect on HGF expression (Fig. 3E) . To confirm this result, an HGF-3'-UTR Dual-Luciferase reporter vector and mock vector was constructed and co-transfected them into H1299 cells with miR-200a mimics/control for 48 h. As presented in Fig. 3F , the HGF-WT image intensity was significant weaker in miR-200a mimics compared within the control (P<0.05). Taken together, these data imply that reduced expression of miR-200a and increased expression of HGF in NSCLC tissues are due to the miR-200a-mediated negative regulation of HGF expression (Fig. 3F) .
miRNA-200a reduces the migration and invasion of NSCLC cells by negatively regulating HGF expression. miR-200a is a negative regulator of HGF and is significantly associated
with HGF expression in NSCLC; however, how miR-200a affects the development of NSCLC by targeting HGF remains unclear. Migration and invasion are two major characteristics of malignancies. Therefore, the expression of associated proteins was assessed by western blot analysis of A549 and H1299 cells transfected with miR-200a mimics and control. As presented in Fig. 4A , following miR-200a overexpression in cells by transfection for 48 h (Fig. 3E) , the HGF protein band was weaker in the miR-200a mimics group compared with the control (Fig. 4A ). The HGF protein expression level was significantly decreased to 0.34±0.09 and 0.63±0.15 in A549 and H1299 cells (P<0.05; Fig. 4B ) as determined by protein band gray value analysis. A similar c-Met protein expression trend was observed in the miR-200a mimics group compared with the control group (Fig. 4A and B) .
Since the upregulation of miR-200a reduced HGF and c-Met expression, the migration and invasion of A549 and H1299 cells was examined next following miR-200a overexpression by Transwell experiments. As presented in Fig. 4C , the number of migrated and invaded cells was decreased in the miR-200a mimics A549 group compared with the control group (Fig. 4C) . The migration and invasion rates were significantly reduced to 39.8±1.64 and 32.6±1.70%, respectively in the miR-200a transfected A549 group compared with the control (P<0.05 and P<0.05; Fig. 4D ). Next, whether the reduction of migration and invasion was unique to A549 cells was verified. The results were similar in the H1299 cell line. Crystal violet staining demonstrated in Fig. 4C indicated that the number of migrated and invaded cells was decreased in the miR-200a mimics H1299 group (Fig. 4E) . The migration and invasion rates were significantly reduced to 32.8±4.0 and 32.2±0.98% in the miR-200a H1299 group (P<0.05 and P<0.05; Fig. 4F ). Collectively, these results indicated that miR-200a serves an important role in regulating NSCLC migration and invasion by negatively regulating HGF expression.
High miR-200a and low HGF expression promote DNA double strand breaks (DSBs) and apoptosis, and inhibits colony formation in NSCLC cells in response to irradiation.
Chemoradiation therapy is one of the main treatment methods for advanced NSCLC. Histone H2AX on serine 139 phosphorylation (γ-H2AX) was selected as the DNA DSB marker to assess the effect of the miR-200a/HGF pathway on DNA damage and repair following exposure of A549 and H1299 cells to X-ray radiation. Following transfection of miR-200a mimics and control, A549 and H1299 cells were cultured for 48 h and exposed to 4 Gy X-rays. Cells were fixed after 4 h and subjected to immunofluorescence assays with the anti-γ-H2AX antibody (Fig. 5A) . Compared with the control IR group, the miR-200a mimics group formed more γ-H2AX foci (Fig. 5A) . Compared with the control group, the γ-H2AX foci number in the miR-200a mimics group was significantly 1.51-and 1.79-fold increased (P<0.05; Fig. 5B ). To confirm that the increase in γ-H2AX foci was caused by the downregulation of HGF expression, HGF siRNA or mock was directly transfected into A549 and H1299 cells and immunofluorescence assays were performed. The results of transfection of miR-200a mimics and siRNA HGF were similar, which resulted in a greater number of γ-H2AX foci compared with the control group (Fig. 5A) . The γ-H2AX foci number was significantly 1.46-and 1.82-fold increased in the A549 and H1299 siRNA HGF groups compared within the control group (P<0.05; Fig. 5B ). This suggested that miR-200a downregulated HGF expression and inhibited the DNA DSB repair pathway, resulting in a higher number of DSBs. Next, whether the miR-200a upregulation-induced DSBs increased the cell death rate was tested. An Annexin-PI cell apoptosis kit was used to assess the apoptosis rate in miR-200a-transfected A549 and H1299 cells following exposure to 4 Gy irradiation and recovery for 48 h. Compared with the mock group, the miR-200a mimics group exhibited a significantly higher apoptosis rate (Fig. 5C ) by 1.8-and 1.7-fold (P<0.05; Fig. 5D ). The same assay was performed in HGF siRNA transfected cells. As presented in Fig. 5C and D, the apoptosis rate was 1.44-and 1.67-fold increased in the siRNA HGF group compared with the mock group. In addition, transfection of miR-200a or HGF siRNA or control into A549 and H1299 cells was used to investigate radiosensitivity by comparing colony formation rate at radiation doses of 0, 2, 4, 6 and 8 Gy. The survival curves demonstrated that HGF siRNA or miR-200a mimics transfected A549 and H1299 groups were more radiosensitive than the corresponding control groups (Fig. 5E and F) . These results indicated that miR-200a serves a key role in regulating NSCLC cell radiosensitivity by targeting HGF in response to irradiation.
Discussion
Lung cancer remains the leading cause of cancer-associated mortality (2) . Approximately 70% of NSCLC patients present with locally advanced (clinical III) or metastatic disease at the time of diagnosis. Identifying the regulatory molecules and the underlying mechanism is important for improving our understanding of NSCLC and developing novel treatments. In the present study, it was demonstrated that HGF, a key c-Met growth pathway regulator, was associated with NSCLC compared with normal clinical samples. HGF is an autocrine and paracrine secretory factor that serves critical roles in cell dissociation, migration, proliferation and differentiation by targeting the c-Met receptor. The results of the present study identified HGF as a potential marker for NSCLC. HGF serves important roles through its secretion into the tumor microenvironment and the activation of c-Met and downstream effectors. HGF and its receptor c-Met serve important roles in regulating cell proliferation. Overexpression of HGF has been reported in a variety of types of human cancers, including NSCLC, renal, breast, ovarian cancer and pleural mesothelioma (5) . Its high level of expression represents an unfavorable prognostic factor (6, 7) . Therefore, focusing on the HGF status and regulation in tumors is important to further develop novel therapeutic strategies. In the present study, evidence was provided that the HGF expression level was correlated with NSCLC tumor malignancy (10, 28) .
Concurrent radio-chemotherapy is the indicated treatment for patients with NSCLC. Whether HGF expression affects cancer radioresistance and its potential applications in radiotherapy remain unclear. Ionizing radiation (IR) could activate HGF and c-Met expression and signaling cascades, which serve critical roles in promoting proliferation, invasion and resistance to apoptosis (29, 30) . Analysis of HGF and Met expression in 205 pre-menopausal and 184 post-menopausal patients randomized to receive chemo-or radiotherapy demonstrated that higher HGF or metexpression in breast cancer patients was associated with a better response to radiotherapy (31). Saigusa et al (32) demonstrated that inhibition of radiation-induced HGF upregulation and blockade of autocrine/paracrine HGF/c-Met signaling are potential novel strategies for controlling distant recurrence in rectal cancer patients following preoperative chemoradiotherapy. These findings indicate that HGF is important for cancer radiotherapy research and application. HGF and its receptor c-Met are overexpressed in NSCLC, and their overexpression is associated with poor prognosis in patients with NSCLC (33) (34) (35) . The present study also demonstrated that HGF expression was increased in NSCLC samples compared within normal lung tissues. Several studies demonstrated that activation of the HGF/c-Met signaling pathway not only promotes invasiveness and distant metastasis in cancer, but also increases the radioresistance of cancer (36, 37) . The present study revealed that the silencing of HGF in A549 and H1299 lung cancer cells inhibited their migration and invasion and enhanced their radiosensitivity. Furthermore, the inhibition of HGF expression promoted apoptosis and DNA DSBs in lung cancer cells following irradiation. The results indicated that the HGF/c-Met signaling pathway may be an effective target for increasing the radiosensitivity of lung cancer.
In recent years, an increasing number of studies have demonstrated that several inhibitors can specifically target HGF/c-Met in various types of cancer (38, 39) . Several c-Met inhibitors are currently under clinical studies (40, 41) . In addition, HGF analogues, anti-HGF humanized antibodies and c-Met induced receptor antibodies directed against the c-Met extracellular domain are being used to prevent HGF-specific binding and activation of c-Met (42, 43) . Inhibition of HGF/c-Met signaling can also be achieved by using selective c-Met small molecule tyrosine kinase inhibitors (TKIs) or nonselective receptor TKIs. However, these methods have their own limitations. For example, TKIs primarily inhibit tyrosine kinase sites, not just only c-Met tyrosine kinases (44) . Therefore, additional treatment methods need to be identified.
In the last decade, the biological actions of miRNAs have attracted much attention. A number of studies demonstrated that miRNAs serve an important role in tumor pathogenesis and provided novel insights into the biology of radiotherapy (45) (46) (47) . In the present study, miRNAs associated with NSCLC that function in negatively regulating HGF expression was identified. miR-200a and miR-141 were associated with NSCLC. Furthermore, miR-200a negatively regulated HGF expression in the present study's experiments. miR-200a belongs to the miR-200 family and miR-200a-dependent signaling is associated with improved survival rates of patients (48) . In the present study, it was demonstrated that transfection of miR-200a mimics inhibited the migration and invasion of A549 and H1299 cells and increased radiosensitivity compared with the corresponding control cells. Similar to the results of HGF downregulation, following radiation, the apoptosis and DNA DSBs of these NSCLC cells were increased by miR-200a overexpression.
Although the potential for miR-200a in clinical applications was identified, how to achieve the same expression in vivo requires further investigation. Certain studies demonstrated that xenografts can be used to upregulate specific miRNAs for radiosensitization in vivo. In clinically relevant studies, the delivery of synthetic miRNAs as tumor suppressors was tested to develop alternative therapies (49, 50) . For example, the use of liposomal nanoparticles containing miR-200c mimics was tested in animal lung cancer models and this method can increase tumor radiosensitivity by regulating cellular oxidative stress (51) . Therefore, the application of miR-200a to clinical treatment may be achieved in the future.
In conclusion, the present study demonstrated that HGF is one of the target genes of miR-200a and miR-200a can inhibit migration and invasion, increase the apoptosis rate and γ-H2AX foci, and enhance the radiosensitivity of NSCLC cells by inhibiting the HGF/c-Met signaling pathway. miR-200a could therefore be used as a potential radiosensitization molecule in clinical practice.
